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INVESTTIGATION INTO RAPID INDUSTRIAL FURNACE THERMAL 

MODELING FOR IMPORVED FUEL EFFICIENCY 

Scott Hixson 

Dr. Shahla Keyvan, Thesis Supervisor 

ABSTRACT 

The development and verification of an innovative modeling technique for industrial 

gas fired glass melting furnaces will be discussed.  Rapid and accurate modeling of 

industrial furnaces is needed for the development of advanced furnace control systems.  

Although, computational fluid dynamics modeling of industrial furnaces has been shown 

to be accurate, they are computational expensive.  Two variations of a new modeling 

technique, S2S Rapid and DO Rapid, presented use information obtained via CCD 

camera for calculation heat exchange within the furnace.  Both utilize temperature 

information obtained via CCD camera for calculating heat exchange within the furnace.  

S2S Rapid and DO Rapid both calculated the heat flux to the glass quite fast as compared 

to the CFD model.  In addition, the calculated heat flux to the glass using DO Rapid 

model is in close agreement with the CFD model.    
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NOMENCLATURE 

slh    latent heat of fusion [ 1J kg −

⋅ ] 

Ai area of face i 

Fij  view factor for radiation traveling from surface i to j 

Aj area of face j 

Fji  view factor for radiation traveling from surface j to i 

  r        distance between the two surfaces or reflectivity 

I radiation intensity  [energy per unit emitting area per solid angle unit]  

r
r

 position vector 

s
r

 direction vector 

s path length 

a absorption coefficient 

n  refractive index 

T temperature  [k] 

's
r

 scattering direction vector 

n
r

 normal vector to surface 

M third body reactant 

A Arrhenuis constant or the frequency factor 

Β temperature correction factor for the Arrhenuis constant 

E activation energy 

T temperature in K 

R gas constant (8.314 J/K-mol) 

kf forward rate of the reaction 



xi 

kr reverse rate of the reaction 

Rn  net rate of the reaction 

Gi Gibbs Molar Function 

ni number of moles of species i 

i  represents the species in the reaction 

Hi enthalpy of the species 

T temperature in K 

Si  entropy of species i 

d nozzle exit-diameter 

Ub bulk nozzle-exit velocity 

m&  mass flow rate 

A  cross sectional area 

V  velocity 

Ni  number of mole of molecule I 

N  total number of all moles 

jrowQ  average heat flux row j 

jiQ ,  heat flux to section i in row j or  model i section j 

iP  percent difference 

P  average percent difference 

 

Greek Symbols 

Φ  phase function 

'Ω   solid angle  
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τ  transmissivity 

iθ  angle between r and the surface normal of surface i 

jθ  angle between r and the surface normal of surface j 

jε   emisivity of surface j 

jα  absorbtivity of surface j 

jρ   is the reflectivity of surface j 

sσ  scattering coefficient 

x  stoichiometric mixture 

v  moles of oxygen required for complete oxidization of fuel 

Φ  fuel equivalence ratio 

λ  air equivalence ratio 

ρ  density 
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Chapter 1  Introduction, background, and furnace overview 

1.1  Introduction 

Melting glass requires large amounts of energy, representing 15% of manufacturing 

cost for industrial producers[1].  Melting glass furnaces’ primary source of energy is 

natural gas[2].  Inefficiencies in furnaces cause energy consumption per ton of glass to 

range from 3.8 to 20 mmBtu.  The majority, 70%, of the energy used to produce glass is 

for melting and refining of the glass.  The high inefficiencies cause 60% of the energy 

consumed for melting and refining to be lost to the atmosphere [1].  This represents a 

large amount of waste, 6.3% of total manufacturing cost.  The rising cost of natural gas is 

expected to increase the fuel cost proportion of total manufacturing cost and decrees the 

competitiveness of US producers [3].  Thus there is a need for minimizing this amount of 

energy that is wasted.  Improved control systems for the melting and refining are of great 

interest.  The goal of this research work is to develop a model for heat transfer to the 

glass that could perform much quicker than computational fluid dynamics (CFD) model, 

while still providing acceptable accurate results as compared to CFD.  A new method for 

calculating the heat transfer within the melting zone of an industrial glass furnace is 

presented.  The new method provides quick calculation of heat transfer to glass surfaces 

which when incorporated into a furnace control system would allow for more precise 

control and in turn reduction in improving energy efficiency. 

 

1.2  Background 

The relationship between the amount of energy that is being introduced to the furnace and 

quality of glass is complex.  The large mass flows in and out of the furnace, the 
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complexity of the convective heat transfer, radiative heat transfer, natural gas 

combustion, and glass melting is a challenge for the holistic modeling of a glass furnace.  

Figure 1.2.1 shows the mass and energy flows in and out of an industrial glass furnace.       

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 1.2.1  Mass and energy flows for regenerative flat glass melting furnace 

 

Large portions of energy are lost due to convective and radiative losses to the ambient air, 

high temperature exhaust gases to the atmosphere, and non-optimal furnace controls.   
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Optimization of furnace design or furnace control can be used to minimize these losses.  

The later represents the lower capital cost and risk for glass companies. 

Thermal modeling of industrial glass melting furnaces is an important part of their design 

and control.  Comprehensive computational fluid dynamics (CFD) modeling of industrial 

glass melting furnaces plays a large role in the optimization of furnace designs and have 

been shown to accurately model combustion and heat transfer within furnaces [4, 5, 6, 7].   

Key elements of these comprehensive models are incorporated into furnace control 

systems.  Currently, furnace control systems rely on multiple single point temperature 

measurements, which are used to determine furnace-operating conditions.  

Thermocouples and other 1-D type measurements, such as pyrometers, give limited 

information for furnace control systems to be developed around [8, 9].  This limited 

amount of information does not allow for accurate calculation of the quantity and 

location of heat flux to the glass melting to be calculated.  Detailed knowledge of the heat 

flux to the glass is crucial, because melting glass is the core function of a glass melting 

furnace.  While CFD modeling can accurately achieve this, the large computational 

requirements limit their use for online control systems.  Thus, there is a need for non-

computationally expensive models that can accurately calculate the amount of heat flux 

to the glass melting.   

The proposed model incorporates 3-D temperature profiles and 2-D flame dimensions, 

obtained via CCD camera [13].  This more descriptive data allows for reduction in 

computational requirements while maintaining accuracy.  The proposed model calculates 

the quantity and location of the heat flux transferred to the glass surface at high speeds.  
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The speeds at which the proposed model operates make incorporation into furnace 

controls possible.   

Two variations of the proposed model are presented each with a different radiation 

approximation method and are compared to a comprehensive CFD model.  The first 

model, S2S Rapid, employs the surface-to-surface radiation approximation technique.  

This method calculates the view factor, via monte-carlo simulations, between all surfaces 

within the model.  The second model, DO Rapid, employs the discrete ordinates radiation 

approximation technique.  Discrete ordinates method discretizes the radiation transport 

equation and solves for a finite number of solid angles [11].     

Both variations are compared to comprehensive CFD model, which employs similar 

methods shown to provide accurate results [4, 5, 6, 7].                   

 

1.3  Industrial Melting Glass Furnaces   

Industrial glass furnaces are used to produce varieties of glasses, such as flat, specialty, 

container, and fiber.  Selection of a furnace design is most commonly dependent on the 

required glass production capacity.  There are many different types of glass furnaces, 

such as end-fired, cross-fired, and electric.  In an end-fired furnace both intakes and 

exhaust are located on one wall.  In cross-fired furnaces exhaust and intake walls are 

located on opposite facing walls.  Electric heating has also been combined with end-fired 

and cross-fired furnaces to increase capacities by 25% in the form of electric boost 

heating[7].   

End-fired and cross-fired furnaces can utilize oil or natural gas as fuel.  These furnaces 

can utilize regenerative or recuperative designs as means to increase thermal efficiency.  
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Regenerative and recuperative furnaces transfer heat from the exhaust gas to the 

incoming air.  Recuperative furnaces transfer heat from the exhaust gases to incoming air 

by means of a radiative metallic heat exchanger.  Recuperative heat exchangers typically 

have heat recovery from exhaust gas in the range of 25-40%[12].  Regenerative furnaces 

utilize two large stacks of refractory brick housed within regenerators to recover heat, as 

shown in Fig. 2.1.  This design allows for heat recovery from exhaust gas in the range of 

55-65% [12].  Cross-fired regenerative furnaces are typically used for capacities > 300 

tons of glass per day.  Regenerative end port furnaces are typically used for capacities 

from 100-300 tons of glass per day.  Recuperative unit melters, recuperative end port 

furnaces, and electric melters for capacities from 25-100 tons of glass per day [1].  The 

selected furnace for data acquisition and modeling is a cross-fired regenerative furnace 

similar to the one shown in Fig. 1.3.1.     
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Fig. 1.3.1  Overview of cross fired regenerative furnace. 

 

The cross-fired regenerative furnace utilizes two regenerators to preheat incoming air and 

to remove energy from exhaust gases.  The regenerators alternate functioning as exhaust 

or air intake.  The furnace studied operated on a fire cycle time of twenty minutes at the 

end of which the intakes and exhaust regenerators switch functions.  Exhaust from flames 

within the furnace is sucked out of the melter tank and into the regenerator currently 

acting as the exhaust.  The exhaust heats bricks within the regenerator, travels through a 

system of ducts, and then blown out of the smoke stack.  At the same time, atmosphere 

air is forced through a system of ducts into the regenerator currently acting as the intake.  
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The air is then heated by bricks within the regenerator to a temperature in the range of 

1373K-1573K [12].  The heated incoming air is then forced into one of six port necks.  

Where the air and natural gas and fed into the melter tank.   

 

The natural gas is carried by a series of pipes to each port.   Each port contains two 

burners, one on each side of the port, as shown in Fig. 1.3.2.  The burners are angled in 

such a way that their streams merge at the plain where melter tank and port neck 

intersect.      

    

 

Fig. 1.3.2  Location of burners and air intake in reference to each port neck 

 

The glass material flow in the furnace is from the feeder end to the melter end.  Raw 

material and cutlet (crushed recycled glass) enters the furnace from a hopper, not shown 

Left Burner 

Right 
Burner 

Air Intake 
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in Fig. 1.3.1, at the feeder end of the furnace.   When combined, raw material and cutlet 

are refered to as batch.  As the furnace and flames heat the batch it is continuously 

moving toward the melter end of the furnace.  The batch then begins to break from a 

continuous sheet to individual floating islands, as shown in Fig. 1.3.2. 

 

 

 

 

 

 

 

Fig. 1.3.3 Material and Glass flow within melter tank 

 

Most of the glass material has melted by the time it reaches Port #4.  The bubble line, 

shown in Fig 1.3.3 as a green line, aids in preventing any unmelted batch from floating 

further down stream and adds in mixing the glass.  The bubble line is created by a series 

Continuous 
batch 

Islands of batch Bubble line 

Port Neck 
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of holes in the bottom of the melter tank near Port #4 which inject hot gas into glass, 

which then floats to the glass surface.  All glass after the bubble line the glass is melted 

completely.  The glass then flows to the end of the melter tank, through the melter neck, 

and into the refiner.  After this point the glass is cooled, shaped, and cut into desired 

sizes.       

 

Chapter 2.  Data Acquisition    

 

The proposed method employs data from a CCD camera and utilizes established heat 

transfer calculation methods.  The CCD camera provides information such as furnace 

wall temperatures, flame dimensions, and flame temperatures.  This information is then 

used to calculate the radiative heat flux to the glass batch and melt.  Convection with in 

most glass furnaces only accounts for a few percent of the total heat flux to the glass 

surface [8].  The convective heat transfer and its impact is not considered in this study.  

Hence, fluid flow equations do not need to be solved.  In turn this decreases the 

computational expense needed for effective heat transfer calculations, because the fluid 

flow equations do not need to be solved.  The data from the CCD camera is incorporated 

into the two rapid models for radiative heat transfer calculations.   

The amount of energy transferred to glass and furnace wall surfaces is then calculated.  

The high quality of the information provided from the CCD incorporated into the 

proposed method allows for rapid calculation of the heat transfer within the combustion 

space of the furnace.   
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To model heat transfer within the furnace, Fluent CFD software was used with surface-

to-surface and discrete ordinance radiation models.  Surface-to-surface model is a view 

factor based radiation model and is selected due to its low cpu requirements.  Discrete 

ordinance is a finite volume method for solving radiative heat transfer.    

 

2.1  Obtaining Images 

A water cooled periscope housing the CCD camera is positioned at the far corner of the 

melting zone of the furnace, as shown in Fig. 2.1.1.   

 

Fig. 2.1.1  Viewing location of water cooled periscope 

 

The camera is housed within a periscope water-cooled housing can be clearly seen in Fig. 

2.1.2. 

Camera 
Location  



11 

 

Fig. 2.1.2  Camera housing looking through hole in furnace wall 

 

The camera lens looks through a long water cooled tube with a 90° wide-angle lens at the 

end, which allows the camera to see a large portion of the furnace.  The camera is 

connected to a computer via firewire where the image frames are stored for later analysis.     

   

2.2 Furnace wall temperatures 

CCD camera images are analyzed to obtain furnace wall temperatures, flame dimensions, 

and flame temperatures using methods employed by Li [13].  Furnace wall temperatures 

are obtained from images of the furnace between firing cycles, when the burners are not 

firing.  This allows for the camera’s irs and exposure time to be remotely adjusted to 

allow for the proper exposure of the CCD, because the furnace walls are dimmer than the 

camera 
housing 

water-cooled 
tube  
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furnace flames.  Due to the absence of flames larger portion of the furnace walls can also 

be seen between firing cycles as well.  Figure 2.2.1 shows the furnace interior between 

firing cycles. 

 

Fig 2.2.1  Furnace interior between firing cycles 

 

The furnace crown and glass surfaces are divided into equally sized sections.  The 

furnace walls are divided into two rows of the same length as the crown sections.  The 

loader end wall is divided into 20 sections with the same width as the crown section, 

whose bottom row has sections the same size as the side wall’s bottom row, as shown in 

Fig. 2.2.2     
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Fig. 2.2.2  Sectionalized furnace interior before temperature calculations 

 

For each wall and crown section the average temperature is then calculated. 

The camera’s position does not allow for all portions of the furnace to be seen.  For the 

unseen portions either thermocouple measurements from the furnace control system and 

IR gun measurements were used to determine wall surface temperatures.   

Crown surface temperatures are shown in the following table.  Temperatures obtained via 

the camera are shown in white.  Temperatures shown in yellow are estimated from IR 

gun measurements and referenced from published papers on similar furnaces.         

 

 

 



 

Table 2.2.1  Furnace Crown Surface Temperatures (k) 
    Column 

    1 2 3 4 5 6 7 8 9 10 
1 1795 1796 1774 1789 1783 1784 1807 1808 1807 1800 
2 1800 1795 1780 1786 1785 1778 1816 1811 1815 1800 
3 1806 1793 1794 1783 1782 1784 1829 1816 1816 1802 
4 1804 1791 1803 1784 1797 1801 1843 1826 1823 1826 
5 1802 1821 1820 1804 1810 1814 1856 1842 1827 1840 
6 1833 1844 1854 1829 1831 1839 1872 1860 1843 1851 
7 1868 1855 1855 1850 1856 1866 1878 1877 1866 1874 
8 1867 1861 1858 1860 1866 1883 1882 1882 1884 1892 
9 1875 1872 1880 1890 1904 1905 1881 1889 1899 1898 
10 1881 1885 1898 1895 1898 1900 1876 1894 1907 1907 
11 1880 1882 1873 1883 1871 1885 1868 1888 1900 1889 
12 1875 1867 1873 1856 1837 1879 1868 1868 1857 1873 
13 1866 1885 1895 1881 1879 1867 1874 1853 1859 1879 
14 1787 1849 1842 1834 1827 1861 1859 1840 1832 1827 
15 1824 1826 1828 1830 1832 1844 1830 1813 1810 1829 
16 1827 1826 1824 1823 1822 1828 1812 1807 1814 1800 
17 1800 1820 1843 1882 1820 1820 1820 1820 1820 1820 
18 1815 1815 1815 1815 1815 1815 1815 1815 1815 1815 
19 1810 1810 1810 1810 1810 1810 1810 1810 1810 1810 

Row 

20 1805 1805 1805 1805 1805 1805 1805 1805 1805 1805 
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Table 2.2.2  Furnace burner wall temperatures (k) 
   Lower Row Higher Row 

1 1748 1778 
2 1756 1784 
3 1766 1804 
4 1797 1826 
5 1813 1835 
6 1837 1849 
7 1840 1861 
8 1868 1863 
9 1895 1875 
10 1874 1878 
11 1868 1871 
12 1833 1858 
13 1826 1847 
14 1819 1837 
15 1812 1827 
16 1805 1817 
17 1798 1807 
18 1791 1797 
19 1784 1787 

Row 

20 1777 1777 
 
Table 2.2.3 Furnace exhaust wall temperatures (k) 
   Lower Row Higher Row 

1 1764 1772 
2 1778 1785 
3 1798 1802 
4 1822 1833 
5 1841 1841 
6 1843 1866 
7 1868 1875 
8 1897 1875 
9 1905 1880 
10 1879 1878 
11 1884 1882 
12 1872 1870 
13 1861 1859 
14 1850 1848 
15 1839 1837 
16 1827 1826 
17 1816 1815 
18 1805 1804 
19 1793 1793 

Row 

20 1782 1782 
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Table 2.2.4 Feeder End wall temperatures (k) 
Column 1 2 3 4 5 6 7 8 9 10 

Higher Section 1781 1781 1781 1781 1781 1781 1781 1781 1781 1781 
Lower Section 1781 1781 1781 1781 1781 1781 1781 1781 1781 1781 

 
 
Table 2.2.5 Melter End wall temperatures (k) 

Column 1 2 3 4 5 6 7 8 9 10 
Higher Section 1694 1699 1691 1692 1695 1689 1681 1659 1741 1696 
Lower Section 1761 1764 1758 1751 1746 1740 1745 1741 1732 1729 

 

 

2.3 Flame Dimensions and Temperatures 

The camera’s irs and exposure times are then adjusted for proper exposure of the CCD 

for flame analysis.  Images of the furnace while the burners are firing are then used to 

determine flame dimensions and temperatures. 

Since only one camera was available at a single viewpoint at the corner position it was 

not possible to analytically distinguish flames apart from one another.  Thus at each port 

visual inspections were performed to establish measurements of flame geometries with 

known furnace port dimensions used as reference.  These estimates were than used to 

simulate each of the six flames.   

The distinguished flames were then analyzed for flame dimension and temperatures, as 

they would have been if several cameras from several view points had been available [ 

14].   The image used for simulation flame images is shown below in Fig. 2.3.1.   
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Fig. 2.3.1  Furnace interior during firing cycle    

 

The six simulated flames are shown in Fig. 2.3.2 to 2.3.7. 
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Fig. 2.3.2   Artificially distinguished burner #1 
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Fig. 2.3.3   Artificially distinguished burner #2 
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Fig. 2.3.4   Artificially distinguished burner #3 
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Fig. 2.3.5   Artificially distinguished burner #4 
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Fig. 2.3.6   Artificially distinguished burner #5 
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Fig. 2.3.7   Artificially distinguished burner #6 

 

Each flame’s dimension is calculated on a plane that is centered about its respective port 

and runs the width of the furnace.  The top, bottom, and tip boundaries of the flame on 

this plane are used to estimate flame size.  The center plane for burner #3 is illustrated in 

Fig. 2.3.8.  Lines are drawn from the bottom, middle, and top of port #3 at its center from 

the left to right side of the furnace.  A line is also drawn from the intersection of the 

furnace wall and crown at the center of port #3 from the left to right side of the furnace, 

as shown in Fig. 2.3.8.        
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Fig. 2.3.8  Top, middle, bottom, and crown and furnace wall intersection lines   

 

Each port’s flame is assumed to be symmetrical about its length, cylindrical in shape, and 

centered with respect to each port.  The distance from the top to the bottom of the flame 

boundaries are used to determine the diameter of the flames.  The distance from the 

furnace wall to the flame tip boundary is used to determine the flame length.  Flame 

lengths and diameters are shown in Table 2.3.1.   
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Table 2.3.1  Flame lengths and diameters 

 

 

 

 

 

The temperature at each pixel determined to be within the flame boundaries is then 

calculated [13].  The average temperature for each flame is then calculated.   

 

    Table 2.3.2  Average flame temperature 
 
 
 
 
 

 

 

These flame temperatures are well within ranges for natural gas flames [14].   

 

2.4  Glass Surface Temperatures 

The proposed model is concerned with the heat transfer within the combustion space of 

the glass furnace.  The glass melt makes up the lower portion of this space.  Due to the 

complexities of modeling melting and flow of glass a temperature profile is assumed over 

the glass melt surface.  The temperature profile of the glass melt is based on 

measurements taken at the furnace with an IR gun and combined melt and combustion 

space modeling completed by Wang [5].  The IR gun measurements were taken on the 

Burner # Length (m) Diameter (m) 
1 4.9 1.0 
2 5.8 1.0 
3 5.7 1.1 
4 6.0 0.9 
5 5.3 1.2 
6 3.1 0.6 

 
Average Flame 

Temperature (K) 
Port #1  1934 
Port #2 1946 
Port #3 1948 
Port #4 1946 
Port #5 1948 
Port #6 1918 
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furnace wall just above the glass melt at various locations.  These temperatures were 

assumed to be near those of the nearby glass.  The IR gun measurements were then used 

to develop profiles for the entire glass furnace in conjunction with Wang’s simulations.   

 

Before the bubble line the furnace walls are assumed to be hotter than the glass at the 

center of the furnace width, while after the bubble line the melted glass at the center of 

the furnace width is assumed to be hotter than the furnace walls.  The bubble line occurs 

just past port #4 in the furnace, as shown in Fig. 2.2.1.  The temperature gradients across 

the width of the furnace vary along the length of the furnace.  Table 2.4.1 shows the glass 

temperature profile assumed.  The first row is where the raw material is loaded into the 

furnace, while the last row is just before the melter neck.    

 

 

 

 

 

 

 

 

 

 

 



 

Table 2.4.1  Glass Surface Temperatures  (k)  
  Column 

  1 2 3 4 5 6 7 8 9 10 

1 1269 1260 1251 1242 1233 1233 1249 1265 1281 1397 
2 1274 1265 1256 1247 1238 1238 1254 1270 1286 1402 
3 1279 1270 1261 1252 1243 1243 1259 1275 1291 1407 
4 1284 1275 1266 1257 1248 1248 1264 1280 1296 1412 
5 1289 1280 1271 1262 1253 1253 1269 1285 1301 1417 
6 1294 1285 1276 1267 1258 1258 1274 1290 1306 1422 
7 1299 1290 1281 1272 1263 1263 1279 1295 1311 1427 
8 1304 1295 1286 1277 1268 1268 1284 1300 1316 1432 
9 1309 1300 1291 1282 1273 1273 1289 1305 1321 1437 
10 1565 1559 1553 1546 1539 1547 1557 1567 1577 1636 
11 1821 1819 1814 1810 1806 1821 1825 1829 1834 1836 
12 1797 1796 1793 1791 1788 1800 1803 1805 1808 1809 
13 1798 1798 1798 1798 1798 1810 1810 1810 1810 1810 
14 1785 1787 1789 1792 1794 1804 1802 1799 1797 1795 
15 1786 1788 1792 1795 1799 1809 1805 1802 1798 1796 
16 1775 1778 1783 1788 1793 1799 1794 1789 1784 1781 
17 1769 1772 1778 1784 1791 1794 1787 1781 1775 1772 
18 1763 1768 1777 1786 1796 1789 1781 1774 1766 1762 
19 1753 1757 1766 1775 1784 1784 1775 1766 1757 1753 

Row 

20 1744 1749 1759 1769 1779 1779 1769 1759 1749 1744 

27 
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This data is then imported into the two rapid models for calculation of the heat flux to the 

glass surface.   

 

Chapter 3.  Rapid Modeling Methods   

 

The Rapid modeling methods employed here significantly reduce the computational time 

for modeling of an industrial melting glass furnace.  The two methods use the interior 

furnace temperatures, flame dimensions and wall temperatures obtained from the CCD 

camera to calculate the incident radiation to the glass melt surface.  Flame dimensions 

and temperatures are used to simulate the flames as simple radiating geometries.  

The two methods differ in how this incident radiation is calculated.  The first model 

employs the surface-to-surface radiation model.  The second model employs the discrete 

ordinance radiation model.  Both methods are established in Fluent’s computational fluid 

dynamics suite due to its availability and similarities shared with the benchmark model.    

3.1  Establishment of Computational Domain 

The computational domain is established in Fluent preprocessor, Gambit.  Dimensions 

from architectural drawings of the industrial glass furnace were used to draw the furnace 

within Fluent.  The melter area of the furnace is the area of interest for modeling.  The 

rest of the furnace including port necks, regenerators, and working area of the furnace 

will not affect the Rapid model.  The exterior of the computational domain is shown in 

Fig. 3.1.1 and Fig. 3.1.2.   

 



29 

 

Fig. 3.1.1  Exterior view of the furnace computational domain 

 

 

 

Fig 3.1.2 Exterior top view of the furnace looking down onto the crown 

   

The interior of the furnace is modeled in a similar way.  The six flames are then added to 

the domain using flame dimension information obtained via CCD camera shown in Table 

2.3.1.   

The 6 simulated flames represented as cylinders are shown in 3.1.3.  In the image the 

furnace crown has been made transparent to allow the furnace interior to be seen. 
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Fig. 3.1.3  Interior of furnace with six simulated flames.   

 

Two different radiation-modeling methods were used for the two different Rapid method 

variations, the surface-to-surface method and the discrete ordinance method.  The 

principal difference between the methods is that the discrete ordinance method allows for 

use of semi-transparent walls, which allow radiation to pass through.   

The establishment of the computational domain for these two models is slightly different.  

The flames must be added to the computational domain by two different methods, 

splitting and subtracting.  For the surface-to-surface model the six flames are subtracted 

from the furnace volume.  This causes only their surfaces to be included into the 

computation domain and excludes the area within each of the six volumes.   
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Splitting allows for the surfaces that make up the cylinder and the area contained within 

each flame volume to be included, this method will be used for the discrete ordinance 

model.    

The model is then meshed using the tetrahedral hybrid mesh with the Tgrid meshing 

scheme.  This meshing scheme was selected due to its robustness in meshing different 

geometries.  This scheme divides the computational domain into tetrahedral, hexahedral, 

pyramidal, and wedges [11].  Computational nodes occur at the corners off these 

geometries.  The discretized heat transfer equations will then be solved at each of these 

nodes as shown in Fig 3.1.4 and 3.1.5. 

     

 

Fig. 3.1.4  Meshed face as shown in Gambit 
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Fig. 3.1.5 Meshed computational domain of furnace 

  

Boundary types of the furnace are then established for the two Rapid methods.  Boundary 

types are used to establish the physical characteristics of all drawn surfaces in the model.  

All surfaces within both Rapid methods are defined as walls.  This means the faces are 

solid and can have a wide variety of different boundary conditions applied.  These 

boundary conditions can consist of thermal, motion, shear, species concentrations, 

chemical reaction or radiation. 

Continuum types for the furnace are also established.  This defines whether a defined 

volume contains a solid or fluid.  The surface-to-surface method has one continuum, the 

furnace itself, because the interior volumes defined by the flame cylinders are not 

included in the computational domain. The furnace continuum is the air between all of 
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the furnace walls and flame surfaces.  The discrete ordinance method has seven 

continuums; all are defined as a fluid.  The seven continuums are the six individual 

flames and the furnace itself.           

 

3.2   Surface-to-surface (S2S) Model 

The surface-to-surface radiation method only considers radiation between surfaces and 

does not account for participating media.  This means that gases in between two solid 

surfaces will not absorb or emit radiation.  Thus hollow cylinders with non-transparent 

surfaces represent the simulated furnace flames as discussed in Section 3.1.   

The method calculates radiative heat transfer via view factors.  A view factor can be 

thought of as a percentage of all radiation leaving one surface that is incident upon 

another.  An example would be surface 1 to surface 2 in the equilateral triangle, shown in 

Fig. 3.2.1, would have a view factor of 0.5.   

 

 

Fig. 3.2.1  Equilateral triangle 
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This means that half of the radiation leaving surface 1 is incident upon surface 2 and the 

half of the radiation leaving surface 2 is incident upon surface 1. This relationship is 

called the reciprocity relation [15]. 

AiFij=AjFji                                                                                          (1) 

View factors for the furnace’s computational domain are calculated using the following 

equations [11]. 

∫ ∫=
i jA jiijA

ji

i
ij dAdA

rA
F δ

π
θθ

2

coscos1
                                               (2) 

ijδ =1 if idA  is visible to jdA  

ijδ =0 if idA  is not visible to jdA  

View factors are calculated using Eq. (2), smoothing is performed to satisfy Eq. (1) and 

the summation rule, as shown in Eq. (3). 

1
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N

j
ijF                                                           (3) 

  

The surface-to-surface model also applies Kirchhoff’s law so that 

jj αε =                                                                   (4) 

jj ερ −=1                                                                (5) 

Once view factors are known heat fluxes can be calculated using the following equations 

[11]. 
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Equation (6) can be rewritten into the following form 

 

∑
=
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N
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1

ρ
                                                      (7)

 

Resulting in N equations for the computational domain, which can be rewritten in matrix 

form 

EKJ =                                                                  (8) 
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EKJ 1−
=                                                              (10) 

 

Thus the net radiative heat flux to all furnace interior surfaces is now known, J. 

 

3.3  Discrete Ordinance (DO) Model 

The discrete ordinance radiation approximation method is used as an alternate method to 

calculate the radiative heat transfer within the rapid model.  This method allows for use 

of semi-transparent walls.  The surface-to-surface model only allowed for opaque walls, 

thus radiation from the furnace crown and walls could not pass through the simulated 

flames and become incident upon the glass beneath the flames.  This radiation is 

important because the furnace crown and walls have higher emissivities and larger 
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surface areas than the furnace flames.  A sample calculation shows that the furnace walls 

have a higher rate of irradiation than the furnace flames.   

4
wallwallwall Tq σε=                                                             (11) 

4)1811(6.0 Kqwall σ=    

2m

W
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42
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4
flameflameflame Tq σε=  
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4
42
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K
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2m

W
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Thus it is crucial to take into account the radiation from the furnace crown and walls.   

 

Radiation in the discrete ordinates (DO) method is solved for via transport equations, 

which increases its computation time required for a converged solution [11].       
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Where, 
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  Due to conservation of radiative energy   
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σ+  are the absorption and scattering losses through the medium 
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All surfaces in the model are assumed to be diffuse.  Radiation incident on each gray 

diffuse wall is calculated using Eq. (13) [11]. 

Ω⋅= ∫ ⋅

dnsIq
ns inin )(

vr

vr

π

                                                  (13) 

Radiation leaving each gray diffuse wall is calculated using Eq. (14) [11]. 

42)1( wwinwout Tnqq σεε +−=                                           (14) 

Because all surfaces are assumed to be diffuse the intensity leaving the surface  

π
out

o

q
I =                                                             (15) 

Within the discrete ordinance model all radiation through the semitransparent flame 

boundary surfaces is defined using the following equations [11]. 
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In this work both the S2S and DO Rapid models are used to calculate the heat flux to the 

glass surface, these calculated values are discussed in chapter 6.  A CFD model, 

described in chapter 5, is used as a benchmark.  The CFD model’s results are discussed in 

chapter 6, as well as a comparison to the two Rapid models.   

 

Chapter 4  Computational Fluid Dynamics Modeling Method 

 

4.1 Basics of Combustion  

Combustion is the rapid oxidization of a fuel.  This process releases a large amount of 

heat, which is used in countless ways.  There are four different types of flames in which 

combustion occurs: premixed laminar, premixed turbulent, non-premixed laminar, and 

non-premixed turbulent.  A premixed flame is one where the fuel and oxidizer are mixed 

before the combustion zone.  A non-premixed flame is one where the fuel and oxidizer 

are not mixed until the combustion zone.  An example of a premixed turbulent flame is a 
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spark-ignited gasoline engine or an industrial cross-fired glass-melting furnace.  An 

example of a non-premixed laminar flame would be a wood fire or a candle.   

 

The combustion of methane is becoming an increasingly popular source of energy.  

Methane has also been the center of a considerable amount of research in the area of 

combustion.  One of the main reasons is that methane, 4CH , has one of the simplest 

molecular structures of all hydrocarbons.  Methane combustion can be represented in the 

highly simplified form with the following bimolecular equation 

 

OHCOOCH 2224 22 +→+       (20) 

 

The number of reactants that are present in a reaction determines molecularity of a 

reaction.  If one reactant is present the reaction is unimolecular.  When two reactants are 

present the reaction is bimolecular, and when three reactants are present the reaction is 

trimolecular.  Equation (20) is bimolecular because 4CH  and 2O2 are the only reactants.  

 

The ‘2’ in front of the O2 and the H2O make the chemical reaction stoichiometric. The ‘2’ 

represents two moles of the molecule that it precedes; if there is no preceding number it is 

assumed that there is one mole of the molecule.  A mole is a unit used to measure atoms 

or molecules; it represents 6.23*1026 of either [16].  For a chemical reaction to be 

stoichiometric the fuel, CH4, and the oxidizer, O2, must both be completely consumed.  If 

they are out of proportion and there is excess fuel when the reaction is completed it is 
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said to be fuel rich.  When there is excess oxygen the reaction is said to be fuel lean.  The 

stoichiometric mixture of a fuel can be calculated using the following equation 

 

v
x stoichfuel +

=
1

1
,      (21) 

v is the number of moles of O2 it takes for the fuel to react completely to CO2 and H2O 

  

The stoichiometric mixture for methane as oxidized by oxygen, as in Eq. (20) would be 
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When air is used as the oxidizer Eq. (21) needs to be modified, because air is around 21% 

oxygen, 78% nitrogen, and 1% noble gases. Thus 
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Thus Eq. (21) becomes  
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=      (23) 

 

The stoichiometric mixture for methane when oxidized by air, as in Eq. (20) would be 
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The values of the stoichiometric mixtures are needed to calculate the fuel equivalence 

ratio, Φ, and the air equivalence ratio, λ; which are inverses of each other. 

The equation for the fuel equivalence ratio is 
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The equation for the air equivalence ratio is 
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Both are useful for determining if a mixture is fuel rich or fuel lean.  If λ<1 or Φ>1 the 

mixture is rich and if λ>1 or Φ<1 the mixture is lean.   

4.1.1 Species Productions and Effects 

The combustion process is much more complicated than Eq. (20).  There are many other 

intermediate reactions and species that are formed; even more are produced when air is 

the oxidizer.  Air is mainly composed of nitrogen.  The presence of nitrogen increases the 

number of intermediate reactions and species as well as the number of end species.  The 

combustion process propagates through chain branching of molecules [17]. Chain 

branching is when one radical reacts with another molecule to create two radicals.  
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Radicals are the highly reactive molecules or ions such as O, OH, CH, NO, NO2 and H.  

An example of this would be  

 

OOHOH +→+ 2                 (27) 

 

The combustion process terminates through chain termination of molecules [17]. Chain 

termination is a reaction that results in the net disappearance of radicals.  An example of 

this would be  

 

MOHMOHH +→++ 2         (28) 

 

All termination reactions require a third body, M, to absorb the energy released when the 

molecules combine; these reactions are called termolecular [17]. 

 Combustion processes are often analyzed and modeled through reaction mechanisms, 

which are obtained experimentally and theoretically.  A reaction mechanism is a set of 

elementary reactions, which take place during combustion.  Elementary reactions are 

reactions that have no intermediate steps, meaning that the products of the reaction are 

directly formed from the reactants, meaning they are not used to represent a sequence of 

reactions.  If a rate coefficient for a reaction was experimentally obtained and it was 

found to be pressure dependent it is not an elementary reaction [16].  A sample reaction 

mechanism for CH4 is shown in Appendix A [18].  Each reaction occurs at a speed that is 

described as the reaction rate.  The reaction rate is the derivative of the concentration of a 

product species with respect to time due to the reaction involved [19]. 
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The rate that reactions occur at are described by the rate coefficient, k [1]. 

 




 −
→ RT

E

b eATk                       (29) 

 

 Elementary reactions can occur in what are called forward and reverse directions.  The 

forward direction, kf, by definition occurs faster than the reverse direction, kr.  An 

example of a forward reaction would be  

 

OOHOH +→+ 2        (30) 

 

An example of a reverse reaction would be 

 

2OHOOH +→+       (31) 

 

Both reactions take place during combustion, but Eq. (30) occurs at a faster rate than 

Equation 12.  The rate difference between Eqs. (30) and (31) is called the net rate.  This 

is the overall rate that OH and O are produced through reactions (30) and (31).   

The equation for the net rate is  

]][[]][[ 2 OOHkOHkR rfn −→                                  (32) 

 

kf[H][O 2] is the forward rate of the reaction 

kr[OH][O] is the reverse rate of the reaction 

Rn is the net rate 
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As can be seen from Eq. (29) the reaction rate is temperature dependent, the higher the 

temperature the faster the reactions will take place.  The production rate for a species that 

is present in the flame can be determined through use of the combustion mechanisms.  

All of the elementary equations that the specie is involved in must be determined.  The 

net rate is then determined for these elementary equations.  The rate of production for the 

specie can now be determined by adding the net rates of the elementary equations which 

the specie is the product and subtracting the net rates of the equations which the specie is 

a reactant. 

 When Rn = 0, the reaction is said to be at chemical equilibrium.  This does not mean that 

the reaction is no longer taking place but that the concentrations of the reactants and 

products are constant.  The Gibbs Function, GF, is also a common tool for determining 

equilibrium [17]. 

 

∑∑ −==
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iii
i

iiF TSHnGnG )(          (33) 

 

When temperature and pressure are constant the reaction is at equilibrium then Gf is equal 

to zero.  An example, assuming constant pressure and temperature, for Eq. (20) would be 

 

0*2*2 02224
=−−+ HCOOCH GGGG             (34)      

 

The molecularity of a reaction determines what order time behavior a reaction has.  

Unimolecular reactions have a first-order time behavior, meaning that if the initial 
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concentration is doubled the reaction rate is also doubled.  Bimolecular reactions have a 

second-order time behavior, thus if the initial concentrations are doubled the reaction rate 

quadruples.  Trimolecular reactions have a third-order time behavior [16]. 

4.1.2  Species Location Within Flames 

Species in premixed flames are production and consumption at different locations and 

rates than in non-premixed flames.  OH in non-premixed flames is rapidly consumed in 

the fuel rich regions near the flame, while in premixed flames OH can still be found in 

high temperature product regions.  In fuel rich non-premixed flames OH is even more 

scarcely found than in product regions [20].  Pickett has shown in experimental setup of 

planar layer mixing of an air stream and a fuel stream that there are four separate regions 

in hydrocarbon-air planar mixing.  The four main regions are the OH region, the hot fuel 

rich products regions, soot region, and the fuel pyrolysis region [20].  These regions were 

found using LIF, laser induced florescence, of OH and LIC, laser induced incandescence, 

of soot particles.  The fuels used were propane and DME, which were diluted with argon.  

The oxidizer was heated air.   Pickett found no major difference in the structure of the 

four main regions between the fuels, but in the propane flames the soot region was 

significantly higher.  The Reynolds number of the fuel in these experiments ranged from 

2200 to 6400.         

It has been show that the reaction zone of a turbulent non-premixed jet flames, with 

Reynolds number upward to 20,000, have reaction zones that are similar in thickness to 

that of laminar-diffusion flame [21].  In hydrocarbon flames, CH is more closely 

associated with the reaction zone than OH.  This is because OH is removed through 

three-body reaction while CH is removed through quicker two-body reactions.  Thus, CH 
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gives a more precise indication of the reaction zone.  If OH is used to indicate the high 

temperature reaction zone, the region was between 3 to 10 times thicker than the zone 

indicated by CH.   Han and Mungal have shown that CH was located in the highest 

temperature regions of a nitrogen-diluted ethylene diffuse flame.  The residence time, τF, 

of CH was shown to follow the relation  

                                                   
b

F U

d
~τ                                                              (35) 

 

For laminar pipe flow with a parabolic velocity profile, Ub is half of the center line 

velocity.  When the pipe flow is turbulent the, Ub is 76% of the center line velocity [2]. 

Han and Mungal found the exact relation to be  

 

b
F U

d
1.4=τ                                                         (36) 

 

Broadwell and Lutz found a similar equation for pure methane, but with a different 

constant due to different experimental conditions [22].  Han and Mungal also found that 

the velocity of the CH layer follows the velocity of the stoichiometric velocity closely, 

and the CH layer aligns with the high-strain rate regions in the flame because the strain 

rate enhances the mixing between the oxidizer and fuel.  Carter, Donbar, and Driscoll 

performed a similar experiment using a nitrogen-diluted methane flame with oxygen in 

co-flow, fuel and oxidizer flowing in same direction, as the oxidizer [23].   They found 

the CH reaction layer to be 0.5 and 1.2mm thick which is similar to that of laminar 

flamelet-like reaction zones.  The reaction layer, even though it was highly twisted, 
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remained mostly unbroken from flame base to tip.  Broadwell and Lutz studied NOX 

production in non-premixed methane jet flames.  Their work indicated that NOX 

concentration grows initially from the entrainment of unburned fuel into the flame sheet, 

as shown if Figure 4.  The NOX concentration then decreases in a reburn region before the 

flame core ignites at the flame tip and the mixture is fuel rich.  The process that takes 

place in reburn can be described by the following equation: 

 

NHCNNCH +⇔+ 2                                      (37) [23] 

 

Three quarters of the NOX that the flame produced was a result of the high temperature 

and high concentration of O and CH radicals that take place when the flame core ignites 

near the flame tip [22].  This is shown in the following equation  

 

NONON +⇔+2                                        (38) [23] 

 

NOX radicals play a significant role in the oxidization of hydrocarbons.  This mainly 

occurs at low temperatures though.  Bromley showed that propane’s oxidization rate 

significantly increases when the excess NO was introduced.  Oxidization occurred at 

temperatures 100-200K lower than they normally occur [19].  Bromley showed that 

excess NO concentration of 66ppm at 823 K caused 80% of the propane to oxidize after 

four seconds.  But when no excess NO was present under the same conditions, 0% of the 

propane was oxidized after four seconds.  This effect begins to decline around 1050 K 

and is not present at temperatures above ~1400 K.   
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4.2  CFD Model 

4.2.1 Survey of CFD Models  

The CFD model uses methods for modeling fluid flow, turbulence, and heat transfer that 

have been shown to accurately model industrial furnaces.  CFD modeling of the furnace 

is used to bench mark the results of the Rapid model.  Zhang [10] modeled an 

experimental regenerative steel slab reheat furnace.  Zhang compared temperatures 

within the furnace measured via thermocouples to those calculated by his CFD model and 

found favorable agreement.  Wang modeled the combustion space of a flat glass float 

furnace and coupled it with a batch/glass melting model [5].  The model found close 

agreement between calculated and measured incident crown flux, crown temperatures, 

and glass temperatures.  Hayes modeled the combustion space of a flat glass float furnace 

[4].  Hayes compared incident radiation on the crown as calculated from the CFD model 

to experimental measurements and found good agreement.  The same methods employed 

in these models will be employed in the CFD model discussed below.     

4.2.2 Establishment of Computational Domain 

The computational domain for the CFD furnace model is drawn in Gambit, Fluent’s 

preprocessor. Dimensions obtained from architectural drawings of the furnace were used 

to accurately draw the furnace, as shown in Fig. 4.2.1. 
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Fig. 4.2.1  Gambit drawing of furnace 

 

The six intake port necks can be seen on the near side of the drawing.  The port necks 

connect the furnace to the regenerators on each side.  The port necks house two natural 

gas burners for each port.  Port #1 is the leftmost, while Port #6 is the rightmost.  At each 

of the ports, preheated air from the regenerator enters from the air inlet.  Each port also 

has two gas burners, one on each side port.  Both of these features are highlighted with 

blue in Fig. 4.2.2. 
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Fig. 4.2.2  Furnace port neck  

 

The fuel inlet or burner is a conically shaped, as shown in Fig. 4.2.3.   Fuel enters from 

the rear face.   

Left Burner 
Right Burner 

Air Intake 
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Fig. 4.2.3  Right burner on port neck 

 

The far side ports have been simplified by the elimination of the port necks, as shown in 

Fig. 4.2.1.  This is allowed on the far side because the solution sought is for steady state 

conditions for the near side firing, thus the far side only acts as an exhaust.  The bottom 

surface is the glass melt.  Raw material comes into the furnaces from the far wall, the 

feeder wall, at the top left of the image.         

Furnace walls are then divided into smaller zones, as shown in 4.2.4 and 4.2.5.   

Right Burner 

Fuel Inlet 
Boundary 
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Fig.  4.2.4  Furnace with split faces 

 

 

Fig.  4.2.5  Top view of furnace with split faces 

 

These smaller zones will be used to set wall surface temperatures.  Side and end furnace 

walls are divided into two sections along their height.  The furnace crown, glass surface, 

and side furnace walls are divided into 20 sections along the length of the furnace.  The 

Row 1 

Row 20 
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furnace end walls, furnace crown, and glass surface are divided into ten sections along 

the width of the furnace.  

The model is then meshed to establish the computational domain.  After exploring several 

options for grid spacing the faces near the six ports were meshed with a grid spacing of 

0.2m.  Faces near the ends of the furnace were meshed with a grid spacing of 0.6m.  The 

fuel inlet faces on the burns shown in Fig. 4.2.3 were meshed with a grid spacing of 

0.01m.  The furnace volume was meshed with a grid spacing of 0.35m.  This meshing 

scheme allowed for higher grid density near areas of large gradients between nodes, as 

shown in Fig 4.2.6.  The mesh nodes are where the values of temperature, velocity, and 

species concentration are calculated.  Once the model has been meshed it is then exported 

to Fluent.    

 

Fig 4.2.6.  Display of meshed volume 
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The meshed computational domain is then exported into Fluent.  

4.2.3 Establishment of Boundary Conditions and Solution Methods 

The boundary types are then defined within the model.  The boundary types used in this 

CFD model are velocity inlet, pressure outlet, and wall.  

Velocity inlets allow for a fluid of a defined species composition and temperature to enter 

the computational domain at the selected boundary at a specified velocity.  Velocity inlets 

only allow for flow in the defined direction.  A pressure outlet boundary type allows for 

flow into or out of the computational domain dependent on the neighboring pressure 

gradient.  Pressure outlets also allow for specified fluid pressures to be applied at the 

boundary.  A wall boundary type does not allow for flow into or out of the computational 

domain.  A wall boundary can have a specified temperature or heat transfer 

characteristics. 

Once the model is imported into Fluent, the different models and methods for turbulence, 

combustion and species, and radiation are then set and the segregated solver is selected. 

The kappa-epsilon turbulence approximation, discrete ordinates radiation approximation, 

and non-premixed combustion mixture fraction approach with probability density 

function for combustion and species approximation were used in the CFD model 

simulation.  The species included in the probability density function are listed in 

Appendix B.       

These models are built into Fluent and have been proven to work in highly similar 

situations.   

The boundary conditions are then specified.  Data from the furnace’s control system is 

used to establish boundary conditions at the air inlets, fuel inlets, and exhaust ports.  
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Mass flow rates obtained via the furnace control system are used to calculate fluid 

velocities for all velocity inlets. 
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=                 (39) 

 

The boundary conditions for each of fuel burners are shown in Table 4.2.1.  The fuel 

burners are velocity inlet boundary type.  The fuel burners can be seen in Fig. 4.1.2; they 

are the small blue dots on the left and right side of the port neck.  Note that the effects of 

transonic speeds of the fuel flow are ignored.  Burner radius increases rapidly from a 

radius of 0.1m to 0.2m. Thus, when the fuel reaches the air stream its velocity has 

decreased > 150m/s for all burners.   

 

Table 4.2.1  Boundary conditions at fuel inlets 

  
PORT 

#1 
PORT 

#2  
PORT 

#3  
PORT 

#4 
PORT 

#5  
PORT 

#6  
Fuel Velocity (m/s) 413.24 412.86 307.12 307.69 337.07 120.20 

Fuel Temp (K) 500 500 500 500 500 500 
Hydraulic Diameter (m) 0.2 0.2 0.2 0.2 0.2 0.2 

Turbulence Intensity (0-1) 0.1 0.1 0.1 0.1 0.1 0.1 
 

The natural gas used in the model is has the composition as shown in table 4.2.2.  

 

Table 4.2.2  Fuel inlet molar fraction boundary condition  
Species Mole Fraction 

CH4 0.9796 

C2H6 0.0204 
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The boundary conditions for the air inlets are then set.  Table 4.2.3 shows the boundary 

conditions for the air inlets.  The air inlets are velocity inlet boundary type. An example 

of an air inlet can be seen in Fig. 2; it is the large blue area in the center of the figure.  Air 

temperatures are based on IR guns temperature measurements and are in agreement with 

published values for similar furnaces [1].   

Table 4.2.3  Boundary conditions at air inlets  

  
PORT 

#1 
PORT 

#2  
PORT 

#3  
PORT 

#4 
PORT 

#5  
PORT 

#6  
Air Velocity (m/s) 1.18 1.18 1.30 1.29 1.30 0.41 

Air Temp (K) 1500 1500 1500 1500 1500 1500 
Hydraulic Diameter 

(m) 1.50 1.50 1.47 1.47 1.47 0.73 
Turbulence Intensity 0.1 0.1 0.1 0.1 0.1 0.1 

 

The air used in the furnace studies used oxygen enriched air as the oxidizer.  The 

composition of the air is shown in Table 4.2.4. 

Table 4.2.4 Air inlet molar fraction boundary condition 
Species Mole Fraction 

N2 0.75 

O2 0.25 
 

The boundary conditions for the exhaust outlets are then set.  The furnace has an active 

exhaust system that sucks exhaust from the furnace combustion space into the regenerator 

and is then exhausted.  This same system also draws air from the atmosphere through the 

preheat regenerators and forces it into the combustion space via air inlets.   

 

Table 4.2.5 shows the value of the boundary conditions set at the exhaust outlets, they are 

of the pressure outlet type.  “Back Flow Air Temp” indicates the temperature of the air 
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that will flow back into the computational domain if negative pressure is experienced at 

the pressure outlets.     

 

Table 4.2.5  Set boundary conditions at the exhaust out lets 

  
PORT 

#1 
PORT 

#2  
PORT 

#3  
PORT 

#4 
PORT 

#5  
PORT 

#6  
Gauge Pressure (pascal) -0.33 -0.33 -0.33 -0.33 -0.33 -0.02 
Back Flow Air Temp (K) 1600 1600 1600 1600 1600 1600 

Hydraulic Diameter 1.50 1.50 1.47 1.47 1.47 0.73 
Turbulence Intensity 0.1 0.1 0.1 0.1 0.1 0.1 

 

All interior wall, crown , and glass surface temperatures are set equal to those of the 

Rapid model in 3.1.     

 

Chapter 5   Results, analysis and conclusion   

 

The function of a glass furnace is to melt the raw materials and cutlet into molten glass, 

which is then shaped into different products.  The efficiency of a furnace can be 

determined by the amount of energy required to produce a certain amount of glass.  The 

more effective a furnace is at transferring the energy from the fuel source to the glass, the 

higher the furnaces efficiency.  Thus, accurate modeling of heat flux to the glass melt 

surface is crucial and will be used as the basis for evaluation of furnace modeling 

methods.  The model simulations were performed on a workstation with dual Xeon 

3.8GHz processors with 8 gigabytes of RAM and running Windows XP x64 with Fluent 

6.2.16.        
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5.1  Results  

5.1.1  CFD Model 

The CFD model is used as the benchmark simulation to which the two rapid methods 

developed in this research work are being compared.  Velocities within the furnace are an 

indication of flame location as shown in Figure 5.1.1.   

 

 

Fig. 5.1.1  Profile of velocity magnitude on plane across furnace in CFD model 

 

Species concentrations are also an excellent way of showing generated flames location, 

as shown in Fig. 5.1.2.  The figure shows the molar fraction of H2O.  Molar concentration 

is calculated by Eq. (40).   

Row 20 

Port #1 
Port #6 

Exhaust 
Wall 

Burner Wall 

Row 1 



59 

N
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=                                                 (40) 

The regions shown in green are areas where H2O is being generated.    

 

Fig. 5.1.2  Profile of mole fraction of H2O with furnace of CFD model 

 

Figure 5.1.3 shows an outline of the furnace features and the glass surface is colored to 

indicate the total heat flux at the glass surface boundary.  A negative value indicates that 

the glass surface is absorbing more heat than it is emitting.         

 

 



60 

 

Fig. 5.1.3  Furnace overview showing heat flux at glass surface and furnace features for 
CFD model 

 
Figure 5.1.4 shows an overhead view of the heat flux at the glass surface.  The large 

gradient that occurs near the midpoint of the furnace near Port #4 is due to large change 

in glass temperatures that occurs at the bubble line in the furnace.  The bubble line is 

created by a system of piping that releases hot gas at the bottom of the glass melt and 

rises to the glass surface.  The bubble line’s purpose is to aid in mixing of the glass melt 

and prevent unmelted material from passing.  The glass surface temperatures after the 

bubble line are significantly higher and result in lower net heat flux to the glass surface as 

shown in Fig. 5.1.3 and 5.1.4. 
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Fig. 5.1.4  Furnace overview showing heat flux at glass surface for CFD model 

 

The greatest amount of heat flux occurs in the area just before the bubble line, with the 

highest values occurring in row 9 near the exhaust wall.  This is expected because the 

highest peak gas, and wall temperatures occur in this region and glass surface 

temperatures are still relatively low.  In this model, the bubble line is represented on the 

boundary between rows 10 and 11.  Higher areas of heat flux near exhaust Ports #1-5 can 

also be seen in Fig. 5.1.4.  These areas occur due to high concentration of hot CO2 and 

H2O combustion products at these locations.  A higher region of heat flux also occurs 

after the melt line in the center of the furnace’s width.  This region is a result of the glass 

having a higher temperature then the furnace walls.  Thus, the more distant from the 

furnace walls the higher the glass temperature and lower heat flux to the glass surface.  
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The heat flux ranged form –2.79 x 105 to 2.24 x 104 W/m2.  The time for the solution to 

converge was 94.9 minutes.    

5.1.2  Surface-to-surface Rapid Method 

The view factor based surface-to-surface method models the simulated flames as opaque 

surfaces.  Thus, furnace crown and wall radiation cannot be incident upon the glass 

directly beneath the simulated flames.  Figure 5.1.5 shows an outline of the furnace 

crown, walls, and simulated flames.  The glass surface in Fig. 5.1.5 is colored to indicate 

the total surface heat flux.  The effect of the non-transmissive flames can clearly be seen 

with sharp decreases in incident radiation under the flames, as shown in Fig. 5.1.5 and 

5.1.6.          

 

 

Fig. 5.1.5  Furnace overview showing heat flux at glass surface and furnace feature 
outline for S2S Rapid Model 
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Fig. 5.1.6  Top view showing heat flux at glass surface for S2S Rapid Model 

 

In this model the simulated flames block the radiation from the furnace crown and walls 

to reach the glass surface.   

Heat flux distribution is fairly uniform past the melt line as a result of smaller differences 

between glass surface temperatures and furnace wall temperatures.  The heat flux ranges 

from –2.57 x 105 to 3.70 x 104 W/m2.  The time to calculate the required view factors was 

47 minutes.  The time for the solution to converge was 0.31 minutes. 

5.1.3  Discrete Ordinance Rapid Method  

The DO Rapid Method allowed for the flames to be modeled as semi-transmisive 

cylinders.  This allowed for radiation from the furnace crown and walls to radiate through 
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the flames and become incident upon the glass surface.  This approach is more 

representative of actual behavior within the furnace as compared to the opaque flames in 

the S2S Rapid Method.       

 

 

Fig. 5.1.7  Furnace overview showing heat flux at glass surface and furnace features for 
DO Rapid Model 
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Fig. 5.1.8  Top view showing heat flux at glass surface for DO Rapid Model 

 

Before the bubble line the heat flux behaves in a manner that is expected.  The highest 

areas of heat flux to the glass occur in row 9 near the exhaust wall, and decreases with 

proximity to the burner wall and the feeder wall end.  The heat flux is fairly uniform after 

the bubble line, with a slight rise in the center of the glass after row 14.  The heat flux 

ranges form –2.62 x 105 to 2.19 x 104W/m2.  The time for the solution to converge was 

1.49 minutes. 

 

5. 2  Analysis 

The CFD model predicts the highest overall amount of flux to the glass surface.  The 

areas of highest flux occur near the exhaust ports where the high concentrations of 
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radiative combustion products occur, as shown in Fig. 5.1.4.  The CFD model also has a 

higher overall heat flux to the glass in the areas near ports 1-6.  Figure 5.2.1 shows the 

heat flux to the glass surface for all three models.  In Fig. 5.2.1 the heat flux color 

mapping for all three models is similar.   

  

 

 

Fig. 5.2.1  Top view of total heat flux to the glass surface for S2S Rapid, DO Rapid and 
CFD models.  

 

The CFD model’s larger amount of heat flux to the glass before the melt line could be 

due to the CFD model’s radiating gas being hotter, larger, or a combination as compared 

to the DO Rapid or S2S Rapid models.  Both Rapid models only represent the luminous 

portion of the flame.  This limitation causes a large amount of radiating gaseous bodies, 

which only radiate in the infrared region, to be neglected.  The dimensions of the 

Feeder 
Wall End 

Exhaust 
Wall 

Melter End 
Wall 

Burner Wall 



67 

radiating gases in the CFD model are larger then those used in the DO Rapid or S2S 

Rapid, because of the inclusion of radiative combustion byproducts and their distribution 

within the furnace that are not radiating significantly in the visible spectrum. Also, the 

DO Rapid and S2S Rapid methods do not include the effects of convection, which 

increases the heat flux to the glass surface.    

Figure 5.2.2 shows the average heat flux per row of glass surface.  Row one is the closest 

to the feeder end, while row twenty is closest to the melter neck.  Average heat flux per 

row is calculated using Eq. (41). 
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Fig. 5.2.2 Average heat flux per section as a function of row for all three models 
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The DO Rapid model shows similar results as the CFD model after the bubble line, 

excluding areas near exhaust ports 5 and 6. While the S2S Rapid model shows an average 

difference of 9.8 kW/m2 after the bubble line. 

5.2.1  CFD and DO Rapid Comparison 

The close agreement between the CFD and DO Rapid model for rows 1, 2, and 16-20 can 

be seen in Fig 5.2.1 and 5.2.2.  Rows 3-15 are either under or next to the simulated 

flames.  Thus, the simulated flames in the DO Rapid are transferring less heat to the glass 

than the CFD generated flames.  The closeness of DO Rapid and CFD results also shows 

that the CFD generated flames and combustion products have a minimal contribution to 

heat flux to the glass in regions far from the flames.     

The CFD and DO rapid method are in close agreement before the bubble line.  The spikes 

seen before the bubble line could be attributed to the higher heat flux calculated to occur 

near the exhaust ports in the CFD model.  The largest percent differences occur at row 

11, as shown in Fig. 5.2.3, which shows the percent difference in heat flux per section 

between the CFD and DO Rapid model.  The percent difference is calculated using Eq. 

(42) for each section. 
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The glass surface sections shown in Fig. 5.2.1 are numbered 1 to 200.  The sections are 

number according to Table 5.2.1.  Each cell in Table 5.2.1 corresponds to a glass surface 

section.   
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                    Table 5.2.1  Glass section numbering scheme 
1 2 3 4 5 6 7 8 9 10 

11 12 13 14 15 16 17 18 19 20 
21 22 23 24 25 26 27 28 29 30 
31 32 33 34 35 36 37 38 39 40 
41 42 43 44 45 46 47 48 49 50 
51 52 53 54 55 56 57 58 59 60 
61 62 63 64 65 66 67 68 69 70 
71 72 73 74 75 76 77 78 79 80 
81 82 83 84 85 86 87 88 89 90 
91 92 93 94 95 96 97 98 99 100 

101 102 103 104 105 106 107 108 109 110 
111 112 113 114 115 116 117 118 119 120 
121 122 123 124 125 126 127 128 129 130 
131 132 133 134 135 136 137 138 139 140 
141 142 143 144 145 146 147 148 149 150 
151 152 153 154 155 156 157 158 159 160 
161 162 163 164 165 166 167 168 169 170 
171 172 173 174 175 176 177 178 179 180 
181 182 183 184 185 186 187 188 189 190 
191 192 193 194 195 196 197 198 199 200 
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Percent Difference in Heat Flux Between CFD and DO Rapid 
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Fig. 5.2.3  Comparison between CFD model and DO Rapid model.  Each glass surface 

section is plotted as one point. 

 

The large spike could be attributed to the large temperature difference that occur in row 

10 and row 11.  Small differences is gas and wall temperatures produce large differences 

in heat flux to the glass surface, the large spike is expected.  The four small steps that 

occur in rows 12, 13, 14, and 15 as shown in Fig. 5.2.2 and 5.2.3 are a result of high 

concentrations of hot exhaust gases near exhaust ports, which are not represented in the 

DO Rapid model.  The average percent difference, P , for each section between the CFD 

and DO Rapid model is 4.6% as calculated by Eq. (43). 
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5.2.2  CFD and S2S Rapid Comparison 

Although the CFD and S2S Rapid model show large differences in the heat flux values, 

they have a similar patterns overall, as shown in Fig. 5.2.2.  The S2S Rapid model shows 

the negative effect of modeling the flames as solid surfaces.  The simulated flames block 

radiation from the furnace walls, as shown in Fig. 5.1.5 and 5.1.6 in rows 4, 6, 8, and 10.  

This is not representative of the actual furnace.  This effect can also be seen in Fig. 5.2.4, 

which shows the percent difference between the heat flux per glass section for the CFD 

and DO Rapid models. 

The percent difference for each section heat flux is calculated using Eq. (44) and is 

shown in Fig. 5.2.4. 
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Percent Differcent Between CFD and Rapid S2S 
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Fig. 5.2.4  Comparison between CFD model and S2S Rapid model.  Each glass surface 
section is plotted as one point. 
 

The largest differences between the CFD and S2S Rapid methods occur at rows 10 and 

11-20, as Fig. 5.2.4 shows.  The S2S Rapid model predicts lower heat flux to the glass 

surface after the bubble line.  Lower heat flux values away from the flame, as shown in 

Fig. 5.2.1, 5.2.2, and 5.2.4, indicate that lower heat flux is caused by differences between 

radiation approximations as opposed to differences in flame modeling.  It should be 

reiterated that both the DO Rapid and the CFD model employ the discrete ordinates 

radiation approximation method for calculating radiative heat transfer. 

5.2.3  DO Rapid and S2S Rapid Comparison 

The S2S Rapid and DO Rapid models show a similar pattern, as shown in Fig. 5.2.5.  The 

percent difference in Fig. 5.2.5 was calculated using Eq. (45). 
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The percent difference between the DO and S2S Rapid models follows the similar pattern 

shown in the percent difference between the CFD and S2S Rapid model.   
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Fig. 5.2.5  Comparison between DO and S2S Rapid models.  Each glass surface section is 

plotted as one point. 

 

The mesh grid and furnace wall conditions used in the S2S Rapid and DO Rapid models 

are identical.  The models do vary in their flame modeling methods and radiation 

approximation techniques.  Thus, the differences that occur away from flames are most 

likely a result of fundamental differences between the S2S and DO radiation 

approximations technique.   

  



74 

5.3  Conclusion  

Both the S2S Rapid and DO Rapid methods quickly calculated the heat flux to the glass 

surface as compared to the CFD model.  The DO Rapid model required the least total 

computation time because of the time required to calculated view factors for the S2S 

model.   

As compared to the S2S Rapid model, the DO Rapid model is in closer agreement with 

the CFD model.  The CFD model includes the large amounts of highly radiative 

combustion products in the furnace exhaust, which were not visible to the CCD camera.  

The DO Rapid model predicts less heat flux to the glass surface in areas near the flames, 

as compared to CFD model.  This is partially a result of only the luminous portion of the 

flames being represented in the DO Rapid model.    The effects of convective heat 

transfer in the combustion space of the CFD model also caused higher amounts of heat 

flux to the glass surface in the regions near the flames when compared to the DO Rapid 

model.  The average percent difference between the CFD and DO Rapid model for heat 

flux to the glass surface was 4.6%. 

The S2S Rapid model calculated less heat flux to the glass surface than the CFD model 

due to the flames being modeled as solid surfaces, as well as differences between the 

discrete ordinates and surface-to-surface radiation approximation techniques.  The 

average percent difference between the CFD and S2S Rapid model for heat flux to the 

glass surface was a 22.3%. 
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The DO Rapid model represents an accurate approach, except for regions covering 

sections 100-111, for quickly modeling the heat flux to glass surface when compared to 

the CFD model.  The accuracy and speed with which the results were obtained suggest 

the potential for incorporation into furnace control systems.    
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APPENDIX A  Sample CH4 Reaction Mechanism [16] 
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A[cm,mol,s] b E/kj mol^-1 

1.30E+04 3.00 33.6 

6.92E+06 1.56 35.5 

1.60E+07 1.83 11.6 

1.10E+13 0.0 103 

3.00E+13 0.0 -1.7 

1.30E+13 0.0 39.9 

Reaction 
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APPENDIX B  Combustion Species With Non-Zero Probability in the Probability Density 

Function  
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